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The amount of corrosion of six metal samples was measured by a change
in weight over time. The simulated flue gas stream consisted of 0.2% SO2,14%
C 0 2 / and 4% O2, with the HC1 percentage varied from 0.2% to 0.0% and the
balance of gas being N2. A Lindbergh Three Temperature Tube Furnace was
used to house the metal samples at 100°C, 200°C, and 600°C while being
subjected to the simulated flue gas stream. The six metal samples were chosen
on the frequency of industrial use. Two carbon steels, C1018 and C1010, contain
no chromium and were chosen because of their popularity in older coal
combustor systems. The other four samples, F l l , F22, Alloy 800, and 310 SS, are
chromium containing metals that were chosen to indicate corrosion inhibitory
effects. These four chromium containing samples are commonly used for
replacement parts in areas that are prone to high corrosion effects.
Weight loss due to corrosion shows a direct relationship to the
concentration of HC1 in the flue gas stream for the F l l , F22, and C1018 samples.
The greatest amount of weight loss was seen in the 0.2% HC1 and the least for the
three samples when there was no HC1 in the flue gas stream. The C1010 sample
had the greatest amount of weight loss under the 0.01% HC1 concentration,
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slightly less for the 0.2% HC1, and finally a weight gain for the 0.0% HC1 run. At
no concentration did samples Alloy 800 and 310 SS exhibit any weight change.
As for temperature considerations, the greatest amount of change in the
samples was seen for the 600°C runs. The 200°C run produced no change in
weight for any of the samples, due to the lack of condensation that would
facilitate corrosion at low temperatures. For the 100°C runs, the flue gas
containing 0.2% HC1, 0.2% S02,14% SO2,4% O2, and the balance N 2 , caused a
change in weight for F l l , F22, C1010, and C1018. This change was not as great as
that for the 600°C run. The other two 100°C runs produced no change in weight.
Chromium content of the metals can also be related to the amount of
corrosion. The high percentage chromium metals, Alloy 800 and 310 SS, showed
no weight change in any of the runs. Low chromium containing samples, F l l
and F22, showed a loss of weight at all 600°C runs and also for the 100°C
subjected to the 0.2% HC1 flue gas stream. The C1010 and C1018 samples contain
no chromium and have the most erratic results. These samples gained in weight
for the 600°C run for the 0.0% HC1 gas and lost weight for the two other 600°C
runs. Also, weight loss for these samples was observed for the 100°C run under
0.2% HC1.
Corrosion of the samples begins and proceeds rather quickly until an
oxide layer is formed. Once the oxide layer has formed, the amount of corrosion
is dependent on the stability of that layer and the diffusion rate of the gases.

1. INTRODUCTION

1.1

The Importance of Coal
The United States' coal usage is based on many economic factors. Twenty-

six states have mining facilities, not including all the states where mining is
possible. The mining areas total 13% of the United States land mass. 1 Also,
81.7% of the United States recoverable energy reserves is coal. Further, the
amount of coal in the United States is approximately 31% of the total amount of
coal in the world, which is evidence of the vast resource this country has in coal.2
By utilizing the United States' coal resources, this country would become less
dependent on other countries for fossil fuels. The use of coal as an energy source
is beneficial to this country, and especially Kentucky, because of the large supply
in this region. Although coal is present and easily utilized, research to minimize
cost and to enhance the efficiency of its use as an energy resource could expand
its utilization.
One of the costs of a coal facility is in the replacement of parts that have
been damaged by corrosion. Even in 1966 there were data that report
approximately one-third of the total output of metal is eliminated from use in
industry due to corrosion. Tomasov states that perhaps two-thirds of this
corroded metal is recycled from scraps; therefore, only about 10% of the total
metal output is lost entirely. 3 The cost of the actual parts is not quite as
expensive as the money lost when production is stopped to do the replacement.
Coal is a heterogeneous material that is made up of organic compounds
and minerals. The products of coal combustion contribute to the corrosion
1

2
problem because of the oxidizing gases as well as caustic ones that are produced.
The amount of materials that are in coal varies for coals from different areas and
depths. For instance, some of North America's highest chlorine containing coals
•are found in some Illinois Basin coals.4 Chlorine is believed to be a major
contributor to corrosion. The amount of sulfur in Illinois Basin coals is also high,
which is costly because of its corrosive effects and because of the cleanup
involved in reducing the sulfur emissions to comply with government
regulations. Understanding the corrosive effects of chlorine and sulfur will
hopefully lead to more efficient use of Illinois Basin coals.

1.2

Chlorine in Coal
The amount and nature of chlorine and sulfur in coal are the basis of much

research. The typical amount of chlorine in North American-mined coal is 0.1%
chloride. 5 But for some Illinois Basin coals, which reach into western Kentucky,
coals with as much as 0.65% chlorine may be found. The amount of chlorine in
coal from 12 mines in Illinois varies from 0.3% to 0.5%.6 These 12 mines
produced about 25% of the coal mined in the state in 1986.7
Very little chlorine in coal comes from the plant material from wl ' ch the
coal was derived. The area plant materials that produced the Illinois E-sin coals
were lycopods, trees and ferns. These were common plants in the Pennsylvanian
period that formed the peat from which the coal was produced. The source of
chlorine in coal is the salt water and ground water found in the peat bogs. 8 Chou
concluded the amount of chlorine increases as the depth of the coal increases.
Vitrain has the highest chlorine percentage compared to bright banded,
subbright banded, dull coal and roof shale and mineral partings which contain
approximately 0.25% chlorine. Also, vitrain has a high holding potential for
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chlorine. 9 The trend for future coal mining is to dig deeper for coal, which will
provide coals that on the average have higher chlorine content.
The type of chlorine that is found in coal has also been investigated by
Chou. He determined that sodium increases with increasing depth of the coal.
There was not enough sodium ions to neutralize the charge of the chlorine ions,
so chlorine in the pore water must occur in some other form as well as NaCl.
Also, ground water increases in chlorine content as the depth increases,
indicating an equilibrium of chlorine in coal with the ground water. 10
Another indication of the different forms of chlorine in coal is that chlorine
can be extracted. Demir and coworkers allowed samples to soak for up to 67
days, and 96.1% of the chlorine was soluble in a 0.1 M NH4OH solution. 11 Their
conclusion of the type of chlorine in coal was that it is in the micropore structure
of the coal and is determined by the ground water present over the time of the
coal's formation. There is also evidence that supports the idea that HC1 is
associated with nitrogen in the walls of the micropores. 12
Chlorine release profiles found in Shao's work show that more than 90
percent of the chlorine in Illinois coals is liberated as HC1 gas. 13 The release of
the HC1 gas occurred between 300°C and 600°C. The maximum release occurs at
440°C. Also, this work shows a relationship between the HC1 release profiles
and that of NH3, which supports the conclusions of Demir and coworkers.

1.3

Sulfur in Coal
Sulfur is also an undesirable coal contaminant which leads to corrosion

contributions as well as other drawbacks. Research to extract sulfur or reduce
the emission forming compounds is popular. Understanding the type of sulfur
in coal, how it is released, and its effect on combustor systems is important to
controlling the detrimental results.
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The three forms of sulfur found in coal are pyritic, organic, and sulfate. 14
The major sulfur compounds released during coal pyrolysis and combustion are
SO2, COS, and H2S. These compounds represent 60% of the total sulfur in coal,
and are released in the temperature range of 250°C to 750°C. During coal
combustion the major sulfur compound released is SO2 and occurs in three
measurable stages. The first release is at 280°C and is attributed to aliphatic
sulfur species. The peak at 480°C is representative of the release of the pyritic
sulfur. Finally at 440°C the peak is indicative of sulfur released from aromatic
species in coal. 15

1.4

Types of Corrosion
Corrosion is seen every day by everyone. Rust is probably the most

common manifestation of corrosion. In the coal industry the threat of rust, as
well as corrosion from the atmosphere, oxidation, and from electrochemical
processes is a major consideration every day. 1 6 Many companies spend large
sums of money in research on how these types of corrosion occur and the factors
that control them.
In the coal industry, it is not hard to realize the harsh effects that high
temperatures have on the metal. Also a substantial amount of corrosion that
occurs at low temperatures. The areas affected by low temperature are those
pipes that are away from the main area of the combustion reaction; the lower
temperature causes the vapors to condense. Also, routinely the combustors may
be shut down for repair or for cleaning. This stoppage also causes condensation
and leads to chemical and electrochemical corrosion processes.
Corrosion refers to the destruction of metal by chemical or electrochemical
means. The word corrosion comes from the Latin word corrodere, which means
to gnaw away. 1 7 These destructive interactions are studied in the areas of
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metallurgy and physical sciences. There are many types of corrosion that fall
under these categories. Some of the pathways are galvanic corrosion, stray
current corrosion, bacteriological corrosion, direct chemical attack , dry oxidation
and atmospheric corrosion. As can be noted, these pathways can also be divided
into categories of dry and wet corrosion.

1.4.1

Chemical Systems
Direct chemical attack of the metal is another source of corrosion. Direct

chemical attack is an electrochemical process in nature but does not have a
detectable current flow and has no precise anodic and cathodic areas. 18 In the
case of chlorine, the following reactions occur:
Fe (S) + 2HC1 (g )
4Fe (S) + 6HC1 ( g )

> FeCl 2 (s) + H 2 ( g )
> 2FeCl 3 (s) + 3H 2 ( g)

(1)
(2)

As for the presence of S0 2 , the reaction with the metal is as follows:
Fe (S) + S 0 2 (g )

> FeS

(s)

+ 02

(g)

(3)

Under moist conditions there is corrosion of an electrochemical type and
also corrosion from the formation of acids. The HC1 is dissolved in solution and
the destruction of the metal is dependent on concentration. The reaction can be
set u p as the following half reactions:
Fe

> Fe 2+ +2e"

(4)

2H+ + 2e"

> H2

(5)

Fe + 2H+

> Fe 2+ + H 2 ( g )

(6)

To give the reaction as

The iron is acting as the anode and the hydrogen ion is the cathode. The
presence of S 0 2 in water vapor produces H2SO4 (aq)
2S0 2 (g) + 0 2 + 2 H 2 0

> 2H 2 S0 4

Sulfuric acid concentration is also directly related to metal corrosion rate. 19

(7)

6
Corrosion by gases can be thought of as chemical or as dry processes.
Oxidation occurs under an oxidizing atmosphere and can be classified as gaseous
corrosion. Oxidation is similar to gaseous corrosion because the surface of the
metal reacts with the gas phase. The products for gaseous corrosion are usually
metal oxides. The typical reaction for an alkali earth metal can be shown in
Equation 8.
Me + ^02<=> MeO

(8)

As Equation 8 shows, the reaction is reversible and its equilibrium is dependent
on the partial pressure of oxygen (PO2) and the dissociation pressure of the metal
oxide (PMeO)-20 Using Le Chatalier's Principle it can be understood that by
increasing the pressure of either will drive the reaction in the opposite direction.
The ratio of the PO2 to PMeO indicates the feasibility of the reaction to occur. If
the ratio is greater than one, the reaction will proceed to the right and the metal
oxide is formed. In contrast, the metal and molecular oxygen will be produced if
the ratio is less than one. The temperature dependence of metal oxide
dissociation pressure could be used to indicate the temperature one can best
utilize certain metals for a long life in a coal apparatus. Tables of metal oxides
and their dissociation at certain temperature can be constructed and should be
consulted upon operation of systems where oxidation is possible.

1.4.2

Electrochemical System
Oxidation can also be described as an electrochemical process. The surface

of the metal acts as the anode, and the cathode would be a monomolecular metal
layer such as oxygen or sulfur in contact with the surface. The reaction proceeds
by the migration of metallic ions and electrons. These species migrate to the
interface where the electrons ionize the oxygen or sulfur to anions. 21 The ability
of oxidation to occur continuously after surface penetration depends on the

7
volume of the oxide (Vox) as compared to that of the original metal's volume
(VMe)- This notion of Vox/VMe is an indicator of the corrosion capacity of a
metal. Alkali and alkaline earth metals drive a ratio of Vox /VMe < 1- A value
less than 1 indicates that the film produced from corrosion would not do well in
protecting the metal from further damage, possibly because the film is highly
porous. A Vox/VMe > 1 would imply a good protective film and would
suppress oxidation. 22
The mechanism for oxidation is divided in two parts. The formation of the
oxide layer on the exterior surface of the of itself is caused by the diffusion of
metal atoms through the film. In contrast, if the film growth occurs at the metal
surface and film interface the oxidizing agent diffuses through the film. The
majority of oxidation occurs from the movement of the metal atoms because of
their smaller radii than oxygen atoms. 23
For any electrochemical system, there must be an electrolyte.
Electrochemical corrosion involves the flow of electrons to a recipient, which
usually involves two regions of the metal. Most of the corrosion is due to a
galvanic cell. There are two types of galvanic corrosion. One is a reaction taking
place between dissimilar metals, and the other is the reacting involving
dissimilar electrolytes.
For an electrochemical reaction to occur, there must be a metal in contact
with an electrolyte. The basic reaction for electrochemical corrosion is
represented in Equation 9. 24
Zn + H2SO4 = ZnS04 + H2 (g)
In electrochemical processes, there is always a cathode and an anode. In all
cases, oxidation occurs at the anode and reduction occurs at the cathode.
Galvanic cells are of the type that energy flows from the anode to the cathode.

(9)
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The galvanic cell in which dissimilar electrolytes are involved especially
occurs in soils. If soils are of differing conditions (i.e., pH) there will be a
potential formed. The differences in the soil can be due to aerated or non-aerated
soils in contact with the same metals and different types of soils as in top soil,
clay and rock. In the instance of clay and a sandy soil in contact with the same
piece of metal, the clay would act as the anode and the sandy soil as the cathode.

1.4.3

Pitting Corrosion
Another type of corrosion is that of pitting. The mechanism for pitting

corrosion is closely related to the passivity of the metal. Passive metals allow for
the active passive cell to be set up. Passivity of the metal can be broken down by
the following process. The presence of chlorine often enables pitting corrosion to
occur. Chlorine may penetrate oxide films or colloidally disperse the oxide film
which increases its permeability. Also by adsorption theory, the chlorine
competes for the adsorption of the metal surface and, once in contact, chlorine
ions increase hydration of the metal. Hydration causes the metal surface to be
more easily dissolved. The passive cell is achieved when the potential
differences between areas is 0.5V.25 On the metal surface there can be impurities
in the metal or non-uniformity of the surface that causes susceptible areas to
become active. The activated area is the anode and is very small. The cathode is
the large area of the metal surface. The ability to keep the cathode passive
ensures continuous corrosion. The passivity is retained by having a depolarizing
compound in the environment. A depolarizing agent can be oxygen, oxidizing
agents a n d / o r corrosion products such as FeCl3. In pit formation the presence of
metal chlorides ensures the activity of the anodic area. Therefore the pit growth
continues into the metal instead of spreading out over the metal surface 2 6
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Attempts to reduce the effects of corrosion is a great concern. In the case
of pitting, corrosion can be reduced by modifying the electrode reaction by
reducing the contact between the metal and the corrosive compounds. Many
studies have been conducted to observe the different effects of additive
compounds. In the case of amines and other polar organic compounds, a study
of their inhibitory effects was exemplified by modifying the surface of the metal.
The amines form a protective layer by chemisorption and thereby protect the
metal from the corrosive environment. This protective layer slows the
dissolution of the metal. 27 From the results of another study the addition of large
amounts of sulfur can make the effects of chlorine negligible. In the results of yet
another study the addition of chlorine increases the effects of sulfur corrosion. 28
Passivity of metals is an old idea and was first introduced by M.V.
Lumonosov in 1738.29 Passivity of metals is described as the corrosion resistance
of a metal that is normally electrochemically active. Passivity occurs in many
naturally resistant structural metals. Passive behavior was alluded to earlier
when the formation of an oxide layer was mentioned. The production of this
oxide layer acts as a protective scale that decreases the corrosive effects of the
environment on the metal. Passivating metals is of great concern in reducing
corrosion problems and can be done in many ways. The development of
chromium-containing steels was an attempt to create a more passive metal. 30

1.5

Temperature and Time Effects
There are many variables in the corrosion process. By changing these

variables the amount of corrosion can be increased or decreased. The variables to
be discussed will be those related to exposure, type of metal or metal alloy, and
the temperature.

Exposure is a function of time. In the two broad types of corrosion,
chemical and electrochemical corrosion, an increase in time will increase the
extent of corrosion. In gaseous corrosion, the extent of corrosion and time that
the pipes are exposed to different gases can be reduced. In coal combustion,
gases such as hydrogen chloride, sulfur oxides, carbon dioxide, and nitrogen are
released from the coal or the volatile matter. When these gases are cooled, they
condense on the metal and cause corrosion. The cooling can occur from the
metal being away from the area of the combustion or it can be from routinely
shutting down the combustor without opening the furnace.
The idea of corrosion at low temperatures requires an understanding of
how temperature affects corrosion on either end of the scale. Temperature affects
corrosion in an electrochemical manner. In general, it is expected that corrosion
increases with an increase in temperature. Actually, electrochemical corrosion
increases logarithmically when the temperature increases.
The kinetics of oxidation are directly related to the temperature of the
reaction, because the rate of the reaction is dependent on the temperature
coefficients. The Arrhenius equation relates temperature to the chemical reaction
or to the rate of diffusion. 31
U = A x e-Q/ R T

(10)

where:
U = speed of process
A and Q = constants
R = gas constant
e = base of natural logarithm
T = absolute temperature
The equation shows the relationship of temperature to the process on
which the reaction is dependent. If the corrosion is dependent on the dissolution

of the metal, then there will be a direct logarithmic relationship. When the
reaction is dependent on oxidation the relationship is more complex. This
process is dependent on the solubility of oxygen, which decreases as the
temperature increases. Therefore, in the oxidation reaction as the temperature
increases the amount of corrosion decreases. This loss of oxygen in solution
reduces the effectiveness of the cathode.
Under gaseous conditions at low temperatures the reaction of metal with
oxygen proceeds quickly to form the oxide which is much more stable than the
metal. This process is said to be proportional to the logarithm of the exposure
time. Once the oxygen atoms have become lightly bound and form a thin layer
of oxides on the metal surface an electric field exists. This electric field pulls
metal ions through it to form a thicker oxide layer which will eventually destroy
the electric field. Because of this effect the average thickness of the oxide layer at
room temperature will be 1 to 4 |im. 32
Some oxide layers do not follow the type of film growth described above
and exhibit thicker films that must be due to factors other than an electric field.
The rate of film growth is logarithmic and is due to cavities formed in the oxide
layer. The rate of oxidation increases with temperature and at high temperatures
follows a parabolic rate instead of a logarithmic one as in low temperature
corrosion. The equation

Y2 = Kt
where:
Y = corrosion rate
K = constant
t = time

(11)
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is the general parabolic rate law. There are two gradients that drive this reaction:
a concentration gradient and an electric potential gradient. 33
There is also bacteriological corrosion, which occurs at low temperatures.
•This type of corrosion is loosely related to the other types discussed earlier. The
anaerobic bacteria cause changes in the soil. These changes can be in aeration or
moisture content. 34 Bacteriological corrosion would be a concern with
underground metal such as pipes. Since bacteriological corrosion is not
necessarily related to the act of coal combustion, it will only be briefly
mentioned.

1.6

Manifestations of Corrosion
As for the manifestations of corrosion, pitting corrosion and direct attack

have already been discussed. Four categories of high temperature corrosion
have been proposed. It is difficult to not have overlap in these categories; and,
therefore, the lines dividing each from the other are not absolute. These
categories are (1), mixed oxidant attack; (2), molten salt induced attack; (3),
corrosion mechanical property interactions; and (4), scale spallation. 36
Mixed oxidant attack involves the attack of an oxidant that forms an oxide
layer on the surface of the metal. The oxide layer can often protect metal from
further corrosion, but in the presence of a second oxidant can destroys the metal's
ability to maintain the oxide layer. The second oxidant can produce deposits that
physically disrupt the oxide layer. Also, the second oxidant can produce a short
circuit path through the oxide layer, which enhances the rate that the metal is
transported to the surface. Also, the second oxidant can diffuse inside the grain
boundaries of the oxide layer and preferentially react with oxygen and render the
outer oxide layer unstable.
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Molten salt attack involves the formation of molten salts near the surface
of the metal. This salt causes the metal to have regions with different
electrochemical potentials which forms an electrochemical cell. Also, this molten
salt layer can dissolve the metal or the oxide layer.
The cracking and embrittlement of metal fall into the category of
corrosion/mechanical property interaction. Stringer suggests that the major
cause of the weakening of metals in such a manner is the deposition of the oxide
layer in grain boundaries in the metal. Hydrogen is a common product of coal
combustion. Often an excess of hydrogen gas is added to lower ash production
by preventing recoupling of the coal. The hydrogen may have a serious affect on
the metal's integrity. Effects are not seen on the external surface of the metal but
cause the metal to become brittle. Hydrogen corrosion is therefore referred to as
embrittlement. Embrittlement is not only a problem at high temperatures or
pressures but is also a problem at low temperatures, even as low as
approximately 100°C. It is easy to understand hydrogen penetration at high
pressure, but it also can penetrate at low temperature or low pressure. When the
temperature in the cOmbustor or furnace drops to 100°C, water vapor condenses
on the metal surface. Corrosion of the metal in the moisture sometimes produces
hydrogen, the hydrogen molecules collect in the metal's cracks, reducing the
integrity of the metal. Another way hydrogen is introduced is through pickling.
This process is done by immersing the pipe in an acid solution to remove
scaling. 37
Finally, scale spallation is not independent of the other factors. It is
caused by the formation of oxides in grain boundaries. At the point where the
metal oxide forms a scale the expansion coefficients for it and that of the metal
are different, resulting in scale falling off in some cases. Also spalling can occur
when the stress as within the oxide become greater than the binding force and

'

the scale will crack off. Both effects can cause a higher corrosion rate when the
metal is treated and then allowed to cool rather than when the temperature is
continuously elevated. There are many factors that affect the rate spallation.

2. EXPERIMENTAL

2.1

Metal Samples
The six metal samples were chosen on the basis of being commonly used

in coal boilers. The C1010 and C1018 samples are high carbon steels which are
found in older combustor systems. F22, F l l , 31055 and Alloy 800 are chromium
alloy metals. The latter were chosen to compare the chromium content to the
corrosion rate. The CI018 sample was obtained from John Smith in Ogden
Machine Shop at Western Kentucky University (WKU). This sample was cut
from a tube used in the fluidized bed combustor system being constructed at
WKU. The other five metal samples were purchased from the Metal Sample
Company, P. O. Box 8, Route 1 Box 152, Munford, AL 36268. The components of
these six metals as reported by the Metal Sample Company are given in Table 1.
The metal samples were cut into 1 cm squares. The size was determined
by how well they fit into the quartz tube and also the best fit to be used in the
scanning electron microscope.

Alloy
C1018
C1010
Fll
F22
Alloy
800
310SS

Table 1. Elemental Composition (% by weight) of the Metals
Cr
Mn
Ni
C
Fe
Mo
0.15
0.60
0.45
0.09
0.12
BAL
1.23
0.56
0.49
0.13
2.12
BAL
0.39
0.99
0.13
0.01
20.90
45.62
0.92
30.74
0.06

—

—

—

—

—

—

—

—

24.87-

BAL
15

1.94

0.16

19.72

2.2

Gas Compositions

2.2.1

Preliminary Gas Compositions
The gaseous conditions were designed to simulate a flue gas stream which

would contain CO2, SO2, N 2 / 0 2 , and HC1. Three initial runs were performed to
determine the effects of HC1 and S0 2 individually and simultaneously.
Percentages of the gases used during the runs are shown in Table 2. These runs
had a duration of 24 hours, using a flow rate of 25 ml/min, and were run at
600°C. These preliminary runs were intended to obtain information to apply to
later runs in the project. The results of these preliminary runs are shown in
Figures 1-3.
The first run was that of HC1 with O2 and N2 and the results are shown in
Figure 1. The graphs of the weight loss vs. time for the C1018, C1010, F l l and
F22 samples show the expected results. There is an initial rise in the weight due
to oxidation followed by a weight decrease of about 4% at the end of 24 hours.
The Alloy 800 sample and the 310 SS sample showed an increase in weight for
the first 8 hours, after which the weights of the samples remained practically
constant. The changes in weight were approximately .002g/cm 2 for the Alloy
800 and the 310 SS samples.

Table 2. Preliminary Run Gas Percentages
RUN

% HC1

%SP2

%P2

%N2

RUN 1

4.5

0.0

4.0

91.5

RUN 2

0.0

4.5

4.0

91.5

RUN 3

4.5

4.5

4.0

87.0

17

1 02

1 00
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43
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'55
£

— — C1018
C1010
- — F22

96

----Fii
94

-

- - - Alloy 800
310 SS

92
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16
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24

Time (hrs)

Figure 1. Weight loss data for 4.5% HC1, 0,0% S0 2 ,4.0% 0 2 / and 91.5% N 2 .

The S 0 2 run, as shown in Figure 2, shows a substantially different graph
than in Figure 1. Samples F22 and the F l l showed a decrease in weight
throughout the run, amounting to approximately 2%. Samples C1010, C1018,
Alloy 800, and 310 SS exhibited no significant change in weight. Therefore, in
the latter samples there was no weight loss in the presence of S 0 2 in 0 2 and N 2 .
By comparing Figures 1 and 2, one can see that the corrosion mechanism when
HC1 is present is different from that when the flue gas stream contains no HC1.
Also, the data used to construct Figure 2 can be used as a baseline. A weight
change under HC1 conditions that exceeds these values can be regarded as being
significant.
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Figure 2. Weight loss data for 0.0% HC1, 4.5% S02, 4.0% O2, and 91.5% N 2 .

The final step of these preliminary runs was that using 4.5% HC1 and
4.5% SO2 combined. The data for this run is shown in Figure 3. The results
under these conditions were similar to those shown in Figure 1. Again, weight
loss of the F l l , F22, and C1010 samples are closely grouped at approximately 56% . The C1018 sample exhibited slightly less weight loss at 2%. As in the two
pervious cases, the Alloy 800 and 310 SS samples showed no significant changes.
At this point, it can be said that the weight losses due to HC1 and SO2 are not
additive since the third run did not show weight losses of each sample that
equaled the sum of the first two graphs. The similarities of these two runs
indicates that the weight loss of the metal samples is greater under HC1
conditions.
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Figure 3. Weight loss data for 4.5% HC1 and 4.5% S 0 2 and 4.0% 0 2 and 87% N 2 .

2.2.2

Primary Runs
Three primary runs were performed in this experiment to represent a

range of chlorine containing coals. The first run showed effects of the flue gas
stream when HC1 was not present. The second run showed the effects similar to
those of using a 0.15% chlorine coal sample. The third run was equivalent to
using a 1.25% chlorine. This concentration is not found in any coals but is
included to give exaggerated results. Gas compositions are listed in Table 3.
The first primary run was done under a flue gas stream of 0.2% HC1, 0.2%
S0 2 / 14% C 0 2 / 4% 0 2 and the balance N 2 . The 0.2% HC1 represents
approximately 1.25% chlorine in coal. This value is not a known percentage and
was simply used to ensure an observable result. An HC1 percentage of 0.01%
corresponds to approximately 0.15% chlorine in coal. The 0.15% chlorine in coal

is a representative run of the average HC1 percentage that would be produced
when ordinary coal is combusted. The run containing no HC1 was done to
measure the possible corrosive effects of SO2.

Table 3. Primary Run Gas Concentrations
Gas

Run 1

Run 2

Run 3

Nitrogen

81.8

81.79

81.6

Carbon Dioxide

14.0

14.0

14.0

Oxygen

4.0

4.0

4.0

Sulfur Dioxide

0.2

0.2

0.2

Hydrogen

0.0

0.01

0.2

Chloride

2.3

Furnace Design

2.3.1

Flow Rate Determination
The flow rate of the gases was 25 ml/min. This value was determined by

performing a run at 50 m l / m i n and 15 ml/min. A low flow rate was desired to
improve the cost effectiveness by using less gas. Also, a flow rate that will
produce laminar flow conditions is desired. To determine the flow condition the
Reynolds number was obtained. 38 A Reynolds number below 2000 represents
laminar flow while a number above 2000 is turbulent flow. The Reynolds
number for a flow rate of 15 m l / m i n at 600°C was determined as follows:
Reynolds number = 2 R vp /r\

(12)

where:
R = the radius of the tube; 1 cm
v = the velocity of the gas; 7.96 c m 2 / m i n
p= the density of the gas; 1.18 g / m l
r|= the viscosity of dry air; 0.0004 dyne s / cm 2
The velocity is calculated by the following equation:
v =Q / A

(13)

where:
Q = flow rate; 50 m l / m i n
A = the area of the tube; 6.28 cm 2
The Reynolds number for this condition is 783, which confirms the desired result
of laminar flow. Figures 4 and 5 show the weight loss percentage over 24 hours
for the two flow rates. These runs were performed at 600°C for 24 hours, and
measurements were taken every 8 hours. By comparing the curve of each
sample, these graphs indicate that there is a slight difference in the corrosion rate
of some metals when the flow rate is changed from 50 m l / m i n to 15 ml/min.
Sample F l l showed little weight loss at 15 m l / m i n flow rate and approximately
a 1% weight loss at 50 ml/min. Sample F22 has a maximum weight loss of 2% in
both cases at approximately 18 hours. C1010 samples also exhibit maximum
weight losses of 2.2% at 18 hours; however, the corrosion history for this sample
is different. In the 15 m l / m i n case sample C1010 has a weight loss initially, while
for the 50 m l / m i n case the sample increases in weight initially. Sample CI018 is
similar in both flow rate cases. Also, Alloy 800 and 310 SS exhibit no weight loss
in any case. Thus, the change in the flow rate from 50 m l / m i n to 15 m l / m i n
does effect the corrosion rate of some of these metals under these experimental
conditions.
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Figure 5. Data for the flow rate of 50 ml/min.

Consequently, the flow rate for the primary runs was chosen to be 25
m l / m i n because of mechanical difficulties related to the flowmeters that were
available for this project. There was some difficulty in obtaining the low flow
rates required when attempting the experiment at 15 ml/min. At 25 m l / m i n the
desired percentages are attainable and allow for lower gas usage cost by
reducing the flow rate from 50 ml/min.

2.3.2

Temperature
The Lindbergh Furnace was chosen for this experiment because of its

ability to perform runs simultaneously. The 600°C and 200°C runs
were run simultaneously. The furnace design under the 600°C and 200°C run is
shown in Figure 6. All the gases were regulated by individual flow meters and

sent into the mixing chamber that contained 4 mm size glass beads. The beads
were present to help in mixing the gases. The 100°C run was performed
separately. N 2 was bubbled through a water bath and introduced directly into
the furnace as seen in Figure 7. Steam was introduced directly into the tube
because of the possibility of the HC1 condensing in the mixing chamber and not
being in the solution that reached the metal samples.

2.3.3

Time and Weight Measurements
The metal samples are weighed initially and placed into the furnace at a

specified temperature. The total flow rate of the gases was set at 25 ml/min.
Each metal was represented for the 108 hour run, 300 hour run, and 408 hour
run. These time limits were set to allow 12 hours between weighings. The
furnace was heated from room temperature to the designated experimental
conditions and left for 10 hours. At this time the furnace was turned off and
allowed to cool for two hours before the samples were removed and weighed.
The simulated flue gas stream was allowed to continue for the two-hour cooling
period to simulated an industrial application. The data that is reported is on a
weight percentage basis.
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Furnace Design for Corrosion Study at 100°C

Steam Bath
Samples

Gas
Mixture
Volume

Sink

Lindberg Furnace

Figure 7. The diagram of the set for the furnace at 100°C.
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2.4

Scanning Electron Microscope
After the samples had been exposed the designated amount of time, they

were placed into a glass vial with cork to keep them from absorbing moisture to
minimize atmospheric corrosion possibilities. The samples were then placed on
a mount that maintains the sample's position. The scanning electron microscope
(SEM) used was at the Center for Applied Energy Research at the University of
Kentucky. Rolando Gonzalez was the operator of the Hitatchi Scanning Electron
Microscope. The microscope showed the changes of the metal from time,
temperature, and concentration exposures. The type of corrosion seen indicated
the type of mechanism causing the metal weight loss.

3. RESULTS AND DISCUSSION

3.1

Primary Runs

3.1.1

First Primary Run
The first primary run was done using no HC1 to determine the effects of

sulfur on the corrosion process under these conditions. The results of the 100°C
and 200°C experiment are similar. There is no deviation from the baseline, as
shown in Figures 8 and 9.
As mentioned before, the 600°C run had significant changes in weight loss
percentages of the metals as shown in Figure 10. The order of weight loss of each
sample was as follows:
F l l > F22 > Alloy 800 = 310 SS > C1010 = C1018
The F l l sample had a weight loss of approximately 44% of its original weight.
The F22 sample had similar results under the presence of HC1 as well. F22 had a
weight loss of 15%. Samples Alloy 800 and 310 SS exhibit no weight loss.
Samples C1010 and C1018 showed slight weight gains of approximately 4%.
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Figure 8. Weight change data for all samples reacted at 100°C in 0.0% HC1, 0.2%
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Figure 9. Weight change data for all samples reacted at 200°C in 0.0% HC1, 0.
S0 2 / 14% C 0 2 , 4% 0 2 / and the balance N 2 .
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Figure 10. Weight change data for all samples reacted at 600°C in 0.0% HC1, 0.2%
S0 2 ,14% C 0 2 , 4 % O2, and the balance N 2 .

3.1.2

Second Primary Run
The second primary run contained 0.01% HC1, 0.2% S0 2 ,14% C 0 2 , 4% 0 2

with N2 to balance the flue gas stream. An HC1 percentage of 0.01% is
approximately equal to 0.15% chlorine in coal, which is an average amount of
chlorine that would be found in North American coals. This percentage would
be about the same as a low chlorine containing coal found in the Herrin (No. 6)
seam in the Illinois Basin. Figures 11 and 12 show the results of the 100°C and
200°C runs, respectively. There is no significant weight loss in any sample under
either conditions.
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Figure 11. Weight change data for all samples reacted at 100°C in 0.01% HC1,
0.2% S0 2 ,14% C 0 2 , 4% 0 2 , and the balance N 2 .
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Figure 12. Weight change data for all samples reacted at 200°C in 0.01% HC1,
0.2% S0 2 / 14% C0 2 ,4% 0 2 / and the balance N 2 .

The results of the 600°C run are shown in Figure 13. The samples, listed in
decreasing order of weight loss, are as follows:
C1010 > F l l > F22 > C1018 > Alloy 800 > 310 SS
Sample C1010 had a weight loss of approximately 74%. At approximately 51
hours, the sample gained weight, while at 100 hours the weight began to
decrease.
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Figure 13. Weight change data for all samples reacted at 600°C in 0.01% HC1,
0.2% S0 2 ,14% C 0 2 , 4 % 0 2 / and the balance N 2 .

The decrease in weight at 100 hours was an expected phenomenon that is
attributed to oxidation. The other samples also exhibited this behavior but not as
drastically as did sample C1010. Sample C1010 gained approximately 10% of its
original weight, attributable to the formation of FeCl 2 , FeS, Fe2C>3 or Fe3C>4.
These compounds increase the weight and act as a protective layer in some
instances. But FeCl 2 , a volatile compound, will cause the oxide layer to crack and
fall off. This process was seen more easily in the F22 sample. After 150 hours,
two sharp declines in the graph followed by a leveling off were seen. The oxide
layer formed would become unstable and flake off, producing the large slope in
the line.

3.1.3

Third Primary Run
The results for the 100°C run are shown in Figure 14. The data for all six

samples of the 408 hour run are displayed. The arrangement of the samples in
terms of weight loss percentage in decreasing order is as follows:
F l l > C1010 > F22 > C1018 > 310 SS > Alloy 800
The order of percentage weight loss for the four chromium containing
samples, F22, F l l , Alloy 800,310 SS, is expected. Sample F l l had the greatest
amount of weight loss, 30%, because it contains the least amount of chromium,
1.23%. The Alloy 800 and the 310 SS samples were above 15% chromium and,
therefore, were expected to have substantially less weight loss. Alloy 800 had a
weight loss of 4%, and the 310 SS was approximately 8%, a reversal of the
expected considering the chromium content. The Alloy 800 contains 20.90% Cr
and 310 SS contains 24.87%. These results can be explained by the increased
amount of Ni in Alloy 800. Alloy 800 contains 30.74% Ni, which is
approximately 11% more than 310 SS which contains 19.72% Ni. Weight loss at
100°C run is caused by condensation on the metal surface.
In Figure 15, the 200°C results are shown. As shown in the graphs, there
was no weight loss in any of the samples, an indication that at 200°C the amount
of corrosion is negligible. Although no weight loss occurred, the possibility of
cracking or splitting, which would affect the mechanical strength and integrity
of the metal, will be discussed in a later section after presenting the SEM data.
The results of the 600°C run are shown in Figure 16. This figure displays
the data for all six samples for the 408 hour period. As illustrated in the figure,
the order of weight loss for the samples, in descending order was as follows:
F l l > F22 > C1010 > C1018 > Alloy 800 > 310 SS

The weight loss percent for the F l l sample was approximately 67%. The F22
sample had a weight loss percent of approximately 65% while the Alloy 800 and
310 SS samples showed no weight loss.
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Figure 14. Weight change data for all samples reacted at 100°C in 0.2% HC1, 0.2%
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Figure 15. Weight change data for all samples reacted at 200°C in 0.2% HC1, 0.2%
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Figure 16. Weight change data for all samples reacted at 600°C in 0.2% HC1, 0.2%
S0 2 ,14% C 0 2 , 4 % 0 2 / and the balance N 2 .

The F l l sample contains 1.25% Cr, the least of these four samples. As
stated earlier, the Alloy 800 and 310 SS samples were expected to withstand high
corrosive conditions because the chromium content of these metals exceeds 15%.
The higher chromium content produces a chromium oxide layer that protects the
surface of the metal. The C1010 and the C1018, the carbon steel samples,
experience a weight loss of approximately 62% and 29%, respectively. These
weight changes indicate that the C1018 sample withstands the high temperature
corrosive condition of this run better than that of the CI010 sample.
In Figures 17 through 22, the weight change for each of the six metal
samples is displayed in a graph that compares the weight loss at three different

39
temperatures. The weight losses for samples C1018, C1010, F l l , and F22 were
greatest for the samples under the 600°C conditions. The 100°C weight loss was
less than 600°C and, finally, the 200°C data showed no significant change in
' weight loss. As illustrated in Figure 20, the Alloy 800 samples showed a
different result. The weight loss for both the 600°C and the 100°C was
approximately 4%, not a major weight loss but over a period of weeks and
months could become a problem. As illustrated in Figure 22 the 310 SS is most
affected at 100°C.
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Figure 17. Weight change data for C1018 samples in 0.2% S0 2 ,14% C 0 2 , 4 % 0 2 ,
and the balance N 2 .
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Figure 18. Weight change data for C1010 samples in 0.2% S0 2/ 14% C 0 2 / 4% 0 2 ,
and the balance N 2 .
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Figure 19. Weight change data for F l l samples in 0.2% S02,14% CO2,4% O2,
and the balance N 2 .
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Figure 20. Weight change data for F22 samples in 0.2% SC>2,14% C 0 2 / 4% C>2,
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Figure 21. Weight change data for Alloy 800 samples in 0.2% S0 2 ,14% C 0 2 , 4 %
0 2 / and the balance N 2 .
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Figure 22. Weight change data for 310 SS samples in 0.2% S0 2/ 14% C 0 2 , 4 % 0 2 /
and the balance N 2 .

3.2

Metal Weight Loss in Comparison to Three Flue Gas Streams
The next four figures, Figures 23 through 26, show the results of each

individual metal at three different HC1 concentrations used in the primary runs.
Figure 23 illustrates that when the HC1 content of the flue gas stream was 0.2% or
0.01%, the CI018 sample experienced 38% loss of weight.
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Figure 23. The weight change data for samples C1018 reacted at 600°C in 0.2%
S 0 2 , 1 4 % C 0 2 , 4% O2, and the balance N 2 / at the specified HC1 concentration.

These data indicate that when chlorine is present in Illinois Basin coals the
amount of corrosion due to chlorine will correspond closely to the chlorine
content of the coals. This is significantly different from corrosive effects when no
chlorine is present as shown by the line representing 0.0% HC1. The increase in
weight in the 0.0% HC1 run for this sample is possibly due to the formation of
FeS, Fe2C>3/ and Fe30 4 layers.
For the C1010 sample, the greatest change in weight was observed in the
0.01% HC1 flue gas stream as illustrated in Figure 24. The weight loss is
approximately 76%. Weight loss for the 0.2% HC1 flue gas stream was slightly
less, or 68%. The C1010 sample also experienced a weight gain of 8% in the 0.0%

HC1 flue gas run. Corrosion due to moisture was pronounced in the most the
CI 010 sample under experimental conditions.
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Figure 24. The weight change data for sample C1010 reacted at 600°C in 0.2%
S0 2 ,14% CO2,4% O2, and the balance N 2 at the specified HC1 concentration.

Both samples F22 and F l l exhibit similar weight loss behavior as shown in
Figures 25 and 26, respectively. The greatest weight losses, about 66%, occurred
in the samples under the 0.2% HC1 conditions. Under the 0.01% HC1 condition,
the F22 sample lost approximately 40% of its original weight. Finally, the F22
sample lost 26% of its weight with no HC1 present, while the F l l sample lost
44% of its weight.
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Figure 25. The weight change data for sample F22 reacted at 600°C in 0.2% S02,
14% C 0 2 / 4% O2, and the balance N 2 at the specified HC1 concentration.
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Figure 26. The weight change data for sample F l l reacted at 600°C in 0.2% SO2,
14% C 0 2 , 4% 0 2 , and the balance N 2 at the specified HC1 concentration.

3.3

Corrosion Rate
For the F l l , F22, C1010, and C1018 samples, which exhibited changes at

600°C and 100°C, a plot of the corrosion rate at these temperatures was done.
The equation used for the calculations is percentage of weight loss = corrosion
rate * time 1 / 2 . From this equation the corrosion rate is determined by performing
a regression analysis. Regression plots of the four samples are shown in Figures
27 through 30. The equations for the slopes of the lines for each metal at 600°C
and the R 2 values are shown in Table 6. Again, the 200°C data is not shown
because there was no change in weight in the samples at this temperature. For
the sample F22, Table 6 shows the value for the slope of the line at 600°C as

Time(t 1/2 )
Figure 29. Corrosion rate graph for sample C1018 reacted at 6(X)°C
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being 2.87 with an R 2 value of 0.95. The equation of the line shows a linear
equation which demonstrates a first order reaction mechanism for these
experimental conditions.
Table 7 shows that the regression line for sample F22 for the 100°C data is
x = 0.01EXP (0.36t1/2) w i t h an R 2 value of 0.94. After 150 hours, the corrosion
rate increased dramatically, which shows that the curve is exponential indicating
a second order reaction mechanism for these conditions. The data for the other
samples in Tables 6 and 7 are similar. As shown in Table 6, the CI010 sample has
a linear regression x value of 2.96^/2 with an R 2 value of 0.95 at 600°C when the
weight loss rate is plotted. Also, as in the previous case, the linear regression for
the 100°C data, as shown in Table 7, has an exponential component where x =
0.37 EXP (0.32t1/2) a n d R 2 = 0.98. The F22 and the C1018 samples weight loss
rate data are also shown in Table 7. The two exhibited behavior similar to the
metals previously discussed. The linear regressions for the 600°C data show a
linear relationship and, therefore, represent first order reactions. As shown in
Figures 31-34, the 100°C graphs also exhibit exponential curves, indicating the
second order reactions. Finally, the samples Alloy 800 and 310 SS had no
changes in weight and, therefore, have no corrosion rate data in Table 6 or Table
7. Thus the corrosion rate for the metals at 600°C listed in Table 6 can be
arranged as follows:
F l l > C1010 >F22 > C1018
Table 7 shows the order of the metals from the largest to smallest corrosion rate
at 100°C is as follows:
F l l > F22 > C1010 > C1018
Plots of corrosion rates for samples F22, C1010, and C1018 are shown in
Figures 35-37. Table 8 gives the values for the corrosion rate at 600°C under 0.0%
HC1. The F22 sample shows a corrosion rate of 0.76 EXP (O.lSt 1 / 2 ). These
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numbers indicate that there is a second order reaction occurring at 600°C under
0.0% HC1, whereas, for at 0.2% HC1, the 600°C run resulted in only a first order
reaction. Table 8 also shows the corrosion rates for the F l l and the CI010
• samples. These values represent the rate of oxidation because of the observed
weight gain. The oxidation that occurs on the surface of the metals acts as a
protective coating against further corrosion. On the other hand, Figure 11 shows
that at 200°C that there is no weight change in all six samples. For this reason
there is no corrosion rate data in for this experimental condition.

Table 6. Regression Analysis Results for Metal Samples reacted at 600°C in 0.2%
HC1, 0.2% SP 2 / 14% CP 2 / 4% 0 2 / and the balance N 2 .
Metal

Regression Formula

R2

C1018

y = 1.71 tV2

0.91

F22

y = 2.87tV2

0.95

C1010

y = 2.96 tl/2

0.95

Fll

y = 3.15tl/2

0.96

Table 7. Regression Analysis Results for Metal Samples reacted at 100°C in 0.2%
HC1, 0.2% S0 2 / 14% C 0 2 / 4% 0 2 / and the balance N 2 .
Metal

Regression Formula

R2

C1018

y = 0.22 EXP (0.20 t*/2)

0.98

C1010

y = 0.37 EXP (0.32 t 1 ^ )

0.98

F22

y = 0.01 EXP (0.36 t 1 / 2 )

0.94

Fll

y = 0.03 EXP (0.37 t*/2)

0.97

Figure 33. Corrosion rate graph for sampleC1010reacted at 100°C in 0.2% IIC1.
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Figure 33. Corrosion rate graph for sample C1010 reacted at 100°C in 0.2% IIC1.

Table 8. Regression Analysis of Data for Metal Samples Reacted at 600°C in
0.0% HC1, 0.2% S0 2 ,14% C 0 2 , 4% 0 2 / and the balance N 2 .
Metal

Regression Formula

R2

C1018

y = 0.20 EXP (0.18 tV2)

0.98

C1010

y = 0.74 EXP (0.18 t 1 / 2 )

0.97

F22

y = 0.76 EXP (0.18^/2)

0.97

Finally, Figures 38 through 41 show samples F l l , F22, C1010, and C1018
corrosion rate plots for 600°C when 0.01% HC1 is present in the flue gas stream.
Table 9 gives the data for the regression analysis done for the metal corrosion
rate data. For the four samples that exhibited a weight change the data have an
exponential relationship. This relationship indicates that at 600°C, when the flue
gas stream contains 0.01% HC1, the reaction taking place is a second order one.

Table 9. Regression Analysis of Data for Samples Reacted at 600°C When the
Flue Gas Stream Contains 0.01% HC1.
Metal

Regression Formula

R2

Fll

y = 0.43EXP(0.25t 1 /2)

0.86

C1018

y = 0.01 EXP(0.42t L2 )

0.83

F22

y = 0.01 EXP(0.32t1/2)

0.93

C1010

y = 0.24 EXPtO^St 1 / 2 )

084

Figure 33. Corrosion rate graph for sampleC1010reacted at 100°C in 0.2% IIC1.
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The potential damage to metal sample due to temperature can be predicted. The
maximum oxidation temperature of a metal can be found in reference books. The
following table is a list of the maximum oxidation temperature for the four metal
samples that could be found. These temperatures demonstrate why higher
temperatures are more damaging. Once these temperatures have been exceeded
the corrosion due to oxidation increases dramatically. Maximum oxidation
temperatures for samples Alloy 800 and 310 SS could not be found. However,
due to the slight damage seen under any of the experimental conditions, these
temperatures would surely be expected to be above 600°C.

Table 10. Maximum Oxidation Temperatures for Metals. 39

3.4

Metal

ASME

MOT (°C)

C1018

SA-192

510

C1010

SA-178

510

Fll

SA-214 T i l

565

F22

SA-213 T22

607

Scanning Electron Microscopy
To support the weight change results seen in the metal samples, the

scanning electron microscope was used to view the surfaces of the metals.
Sample F22 was chosen to represent the overall results of the experiment.
Photomicrographs of this metal samples are shown in the following figures.
Also, further evidence of the type of corrosion is demonstrated in the Energy
Dispersion X-Ray (EDX) figures.
Figure 42 is a photomicrograph of a reacted sample of F22 when the
reaction gas contained no chlorine and the sample was exposed at 100°C. This

figure is magnified 1500X, and shows the surface of the metal is relativelysmooth. A comparison of Figure 42 to later figures will support this. Since the
weight loss of this sample was only 0.0065g, the surface was expected to be
affected very little. Figure 43 is of sample F22, reacted under the same composite
gas but exposed at 600°C. The area shown in this photomicrograph is of the iron
oxide crystals formed on the surface.
Next, Figure 44 shows a reacted sample of F22 exposed to composite gases
containing 0.01% HC1 and at a 600°C temperature. Again, iron oxide crystals
and cracks in this layer are due to the build-up of pressure from the formation of
volatile FeCl2- This gas can even cause the oxide layer to flake off.
Finally, the last three micrographs show reacted sample of F22 exposed to
0.2% HC1 containing composite gas and exposed at 100°C, 200°C, and 600°C.
Figure 45 is the sample exposed to 100°C. This figure shows the corrosion on the
surface due to acidic attack, an expected result because of the condensation of the
gases under these experimental conditions. The EDX spectrum of this sample
shown in Figure 46 is a scan of the surface for element at analysis. The important
feature seen in this spectrum is the chlorine peak. This is the only EDX that
shows the presence of chlorine on the surface of the metal, indicating that
deposits of chloride are present. Therefore, the weight loss of 0.0565g observed
for this sample can be attributed to pitting corrosion. A comparison of the
photomicrographs in Figures 42 and 45 can be made. These two
photomicrographs are for samples reacted at 100°C but in two different
composite gases. Figure 42 is for a sample's surface reacted when no HC1 was
present and as discussed earlier shows little damage. Figure 45, however, is
indicative of a sample that had experienced acidic attack. Figure 47 is a
photomicrograph of the metal exposed at 200°C to a composite gas containing
0.2% HC1. The photomicrograph is similar to the one in Figure 42 in that both
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samples had little weight loss and little change in the surface. Since there is no
significant change in weight in any sample exposed at 200°C or for samples
exposed at 100°C, other than that exposed to 0.2% HC1 containing gas, Figure 47
was chosen to represent all of these conditions.
Finally, Figure 48 shows the surface of sample F22 exposed at 600°C to
0.2% HC1 containing gas. The most dramatic changes in weight loss were
recorded for this sample and are also shown in the photomicrograph. Scale
spallation occurred and the oxide layer and the exposed surface can be seen in
the photomicrograph. The iron oxide layer shows the characteristic iron oxide
crystals. The exposed surface reveals that the build-up of the oxide layer has
begun. The process of scale spallation caused by the production of volatile FeCl2
formed below the surface of the oxide layer has been previously discussed. The
EDX of this particular metal sample is seen in Figure 49. Note that there is no
chlorine peak, indicating that there is no chlorine on the surface. The formation
of the FeCl2 that later dissipates is probable for this sample.
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Figure 42. SEM of sample F22 reacted at 100°C in 0.0% HC1.

Figure 43. SEM of sample F22 reacted at 600°C in 0.0% HC1.
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Figure 44. SEM of sample F22 reacted at 600°C in 0.01% HC1.

Figure 45. SEM of sample F22 reacted at 100°C in 0.2% HC1.
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Figure 46. EDX of sample F22 reacted at 100°C in 0.2% HC1.
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Figure 47. SEM of sample F22 reacted at 200°C in 0.2% HC1.
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Figure 48. SEM of sample F22 reacted at 600°C in 0.2% HC1.
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4. CONCLUSIONS

The percentage of HC1 concentration in the flue gas stream produced the
expected results. For the samples F l l , F22, and C1018 there was a direct
relationship between the amount of weight loss and the HC1 concentration in the
flue gas stream. These three samples had the largest recorded weight loss as at
0.2% HC1, slightly less for the 0.01% HC1, and the lowest amount of weight loss
observed seen at 0.0% HC1. In the case of sample C1018, when the HC1
concentration was 0.0% the sample gained weight. Sample C1010 had the largest
recorded weight loss at 0.01% HC1 flue gas concentration. Slightly lower weight
losses were observed for 0.2% HC1 concentration 0.0% HC1 sample C1010 and
C1018 gained weight in this flue gas stream reacted at 600°C. At 10CPC, the only
weight loss that was recorded for any of the samples was for 0.2% HC1 flue gas
stream. The samples arranged in decreasing order of weight loss are F l l > C1010
> F22 > CI018 > 310 SS > Alloy 800.
Temperature dependence on corrosion showed the expected results at
600°C. The greatest amount of weight change was seen for the samples exposed
at the 600°C experimental conditions. Samples exposed to 200°C conditions
showed no weight change under any time period or HC1 concentration. Runs
under 100°C experimental conditions showed that changes in weight were seen
only for those exposed to the 0.2% HC1 flue gas stream. The other two 100°C
runs showed no changes in weight for any of the samples.
The chromium content of the metal samples also has an effect on the
corrosion resistance of the metals. Samples Alloy 800 and 310 SS have the
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greatest amounts of chromium and were affected very little under any of the
experimental conditions. Samples F l l and F22 have less than five percent
chromium and showed weight losses in all flue gas conditions executed. The
carbon steel samples, C1018 and C1010, contain no chromium and exhibit weight
losses when HC1 is present. These two samples showed a slight weight gain
when no HC1 was present.
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